During the classic "fight-or-flight" stress response, sympathetic nervous system activation leads to catecholamine release, which increases heart rate and contractility, resulting in enhanced cardiac output. Catecholamines bind to b-adrenergic receptors, causing cAMP generation and activation of PKA, which phosphorylates multiple targets in cardiac muscle, including the cardiac ryanodine receptor/calcium release channel (RyR2) required for muscle contraction. PKA phosphorylation of RyR2 enhances channel activity by sensitizing the channel to cytosolic calcium (Ca 2+ ). Here, we found that mice harboring RyR2 channels that cannot be PKA phosphorylated (referred to herein as RyR2-S2808A +/+ mice) exhibited blunted heart rate and cardiac contractile responses to catecholamines (isoproterenol). The isoproterenol-induced enhancement of ventricular myocyte Ca 2+ transients and fractional shortening (contraction) and the spontaneous beating rate of sinoatrial nodal cells were all blunted in RyR2-S2808A +/+ mice. The blunted cardiac response to catecholamines in RyR2-S2808A +/+ mice resulted in impaired exercise capacity. RyR2-S2808A +/+ mice were protected against chronic catecholaminergic-induced cardiac dysfunction. These studies identify what we believe to be new roles for PKA phosphorylation of RyR2 in both the heart rate and contractile responses to acute catecholaminergic stimulation.
Introduction
During exercise, heart rate (chronotropy) and cardiac contractility (inotropy) increase to meet the metabolic demands of the organs. Stress-induced activation of the sympathetic nervous system (SNS) results in catecholamine release, stimulation of β-adrenergic receptors (β-ARs), generation of cAMP, and activation of cAMP-dependent protein kinase (PKA) in cardiac myocytes. Catecholaminergic stimulation of the heart increases both heart rate and contractility (1) . The essential role of β-ARs in the stress-induced enhancement of cardiac function has been demonstrated using β 1 -AR knockout mice that are unable to develop normal responses to stress (2) . However, the complexity of the β-AR signaling cascade has made it difficult to elucidate specific contributions of downstream targets to the physiologic responses to stress.
β-AR stimulation and downstream activation of PKA enhances calcium (Ca 2+ ) signaling in myocytes (3) . During excitation-contraction (EC) coupling in the heart, depolarization of the sarcolemmal membrane activates the voltage-gated calcium channel (Ca V 1.2), causing a small Ca 2+ influx into the cell. This in turn triggers the opening of ryanodine receptor/calcium release channel (RyR2) and the release of Ca 2+ from the sarcoplasmic reticulum (SR) (4) (5) (6) . Ca 2+ released into the cytosol binds to troponin C, enabling sarcomere shortening and contraction. Relaxation occurs when the Ca 2+ is pumped back into the SR by the SR Ca 2+ ATPase (SERCA2a) and removed from the cell via the sodium/calcium exchanger (NCX) and the plasmalemmal Ca 2+ ATPase (3) .
In response to SNS activation, PKA phosphorylates multiple Ca 2+ -handling proteins, including Ca v 1.2, phospholamban (PLN), and RyR2. Phosphorylation of Ca v 1.2 increases the open probability (Po) of the channel (7), which enhances inward Ca 2+ current (I Ca,L ) during depolarization. Phosphorylation of PLN at Ser16 reduces its basal inhibition of SERCA2a, leading to increased SERCA2a activity and increased SR Ca 2+ uptake (8) . Phosphorylation of RyR2 at Ser2808 enhances the Po of the channel by enhancing its sensitivity to cytosolic [Ca 2+ ] in planar lipid bilayers (9, 10) . While it is well established that increasing I Ca,L and SR Ca 2+ load enhance SR Ca 2+ release (11) , it is controversial as to whether increasing RyR2 Po has similar effects (3, (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . In this study, we have used mice engineered with RyR2 that cannot be PKA phosphorylated (21) to directly address the role of PKA phosphorylation of RyR2 in regulating cardiac contractility.
Heart rate is dependent on the periodic diastolic depolarization (DD) of pacemaker cells in the sinoatrial (SA) node. The automaticity of DD has been linked to hyperpolarization-activated cyclic nucleotide gated channels (HCN4), which produce an inward "funny current" (I f ) in response to hyperpolarizing membrane potentials (22, 23) . Activation of either the SNS or parasympathetic nervous system modulates HCN4/I f via cAMP (24) or acetylcholine (25) , respectively. More recently, small rhythmic SR Ca 2+ release events during DD, referred to as localized Ca 2+ release (LCR), have been described. These events activate the plasmalemmal NCX, resulting in transient inward current, which contributes to depolarization (26, 27) . While some studies suggest that SNS-mediated activation of β-ARs causes PKA phosphorylation of RyR2 in the SA node, which enhances the quantity and synchronization of LCR during DD (28) , the role of PKA phosphorylation of RyR2 in the chronotropic response to SNS activation has not been determined.
We now show that RyR2-S2808A +/+ mice, which lack the PKA phosphorylation site on RyR2, have blunted inotropic and chronotropic responses to catecholaminergic activation. This is associated with blunted systolic Ca 2+ transients and spontaneous beating rates in response to isoproterenol (Iso) in isolated cardiomyocytes and SA nodal cells (SANCs), respectively. Furthermore, these animals have reduced exercise capacity compared with that of WT mice. Chronic pharmacologic activation of β-ARs, as occurs in patients with heart failure (HF), caused cardiac dysfunction in WT but not RyR2-S2808A +/+ mice. These results demonstrate that PKA phosphorylation of a single residue in RyR2 (Ser2808) mediates a physiological response to acute stress that includes increased inotropic and chronotropic responses and that chronic, pathologic stimulation of this stress pathway contributes to progression of cardiac dysfunction.
Results

PKA phosphorylation of RyR2 is required for normal cardiac responses
to β-adrenergic activation. Left ventricular contractility and heart rate were continuously recorded in anesthetized WT and RyR2-S2808A +/+ mice treated with the β-agonist Iso (2 μg/kg i.p. for 10 minutes, followed by 2 mg/kg i.p.). Another group had reported that an independently generated RyR2-S2808A +/+ mouse exhibited a normal contractile response to Iso (2 mg/kg i.p.) (12) . In the present study, the RyR2-S2808A +/+ mice exhibited a significantly blunted contractile response (WT, 13,268 ± 418 mmHg/s, n = 5; RyR2-S2808A +/+ , 9,491 ± 178 mmHg/s n = 6; P < 0.001) and heart rate response (WT, 611 ± 15 bpm, n = 5; RyR2-S2808A +/+ , 547 ± 12 bpm, n = 6; P < 0.01) to the lower Iso dose but similar responses to those of WT mice at the 1,000-fold higher Iso dose ( Figure 1 , A and B). Both doses of Iso induced PKA phosphorylation of WT RyR2 at Ser2808; however, only the higher dose resulted in depletion of calstabin2 from the channel ( Figure 1C and Supple-
Figure 1
PKA phosphorylation of RyR2 mediates the chronotropic and inotropic response to β-adrenergic activation. Cardiac contractility and heart rate were measured in vivo using left ventricular catheterization in response to low-dose (2 μg/kg i.p.) and high-dose (2 mg/kg i.p.) Iso. (A) Contractility reported as dP/dtmax. (B) Heart rate in bpm. Dashed lines indicate the points at which Iso was administered i.p. (WT, n = 5; RyR2-S2808A +/+ , n = 6; *P < 0.05, versus WT). (C) Representative immunoblot analyses of RyR2 immunoprecipitates (from 100 μg of cardiac lysates), using phosphoepitope-specific antibodies that detect PKA-phosphorylated RyR2-Ser2808 (pS2808), CaMKII-phosphorylated RyR2-Ser2814 (pS2814), oxidation of RyR2 (DNP), and calstabin2 associated with the channel. (D) Representative immunoblot of CSR treated with hydrogen peroxide (H2O2) plus either PKA or CaMKII and levels of calstabin2 associated with the channel. S2808A, RyR2-S2808A +/+ .
mental Figure 1 , A and B; supplemental material available online with this article; doi:10.1172/JCI32726DS1). RyR2 from the RyR2-S2808A +/+ mice exhibited no phosphorylation signal when probed with the phospho-specific Ser2808 antibody and were not depleted of calstabin2 (FKBP12.6) at either dose of Iso ( Figure 1C and Supplemental Figure 1, A and B) . Interestingly, the higher dose of Iso induced CaMKII phosphorylation of RyR2 at Ser2814 (10, 29) in both WT and RyR2-S2808A +/+ mice ( Figure 1C and Supplemental Figure 1C ). The higher Iso dose also caused oxidization of RyR2 in both WT and RyR2-S2808A +/+ mice ( Figure 1C and Supplemental Figure 1D ).
To further investigate the effects of oxidation of RyR2, we incubated cardiac SR (CSR) with hydrogen peroxide (H 2 O 2 ) plus either PKA or CaMKII. Oxidation alone and oxidation plus CaMKII had little if any effect on the binding of calstabin2 to RyR2 ( Figure 1D ). However, the combination of PKA phosphorylation of RyR2 at Ser2808 and oxidation of the channel resulted in nearly complete depletion of calstabin2 from the RyR2 channel complex ( Figure 1D ).
Taken together these data show that there is a significant blunting of both the inotropic and chronotropic responses to Iso in the RyR2-S2808A +/+ mice, consistent with PKA phosphorylation of RyR2 playing a key role in both of these important physiological responses. These blunted inotropic and chronotropic responses can be obscured when the mice are treated with a 1,000-fold higher dose of Iso, and this effect is likely due to CaMKII phosphorylation, which has been previously demonstrated to enhance contractility (29) , even in the absence of PKA phosphorylation of the channel.
We found no significant differences in peak I Ca,L between WT and RyR2-S2808A +/+ myocytes, either in the absence or presence of Iso, measured under whole-cell voltage clamp at 0 mV (control: WT, -6.9 ± 0.8 pA/pF, n = 10; RyR2-S2808A +/+ , -9.2 ± 1.3 pA/pF, n = 5; Iso: WT, -11.4 ± 1.4 pA/pF, n = 10; RyR2-S2808A +/+ , -13.0 ± 0.9 pA/pF, n = 5; P = NS for Iso-treated WT vs. RyR2-S2808A +/+ myocytes). Similarly, Iso enhanced the activity of the SERCA2a in cardiac microsomes isolated from RyR2-S2808A +/+ or WT mice to the same extent (Supplemental Figure 2) . Moreover, β-AR densities were the same in RyR2-S2808A +/+ and WT mice (Supplemental Table 1 ). These data demonstrate that PKA-mediated activation of Ca V 1.2 and SERCA2a is intact in RyR2-S2808A +/+ hearts. (D) Ees response to gradually increasing Iso (0-100 ng/kg/min) and sigmoid regression analysis (n = 10 for each genotype; *P < 0.05 each versus WT). (E) dP/dtmax of WT and RyR2-S2808A +/+ mice prior to and after db-cAMP infusion (*P < 0.05). (F) dP/dtmax prior to and after treatment with Iso (100 ng/kg/min i.v.), according to genotype as indicated (calstabin2, referred to herein as CLN2 -/-; phospholamban, Pln -/-; and crossed mouse strains as indicated) (*P < 0.05 versus baseline; # P < 0.05 versus WT baseline; **P < 0.05). (G) Ees change normalized to WT after treatment with inotropic agonists Bay K 8644 (100 μg/kg i.p.), Ca 2+ (30 mg/kg/min i.v.), or ouabain (0.1 mg/kg/min i.v.) (P = NS versus WT; n = 5). (H) Heart rates in response to gradually increasing Iso concentrations (0-100 ng/kg/min) and sigmoid regression analysis from D (n = 10 for each genotype; *P < 0.05).
To further explore the role of PKA phosphorylation of RyR2 in the inotropic and chronotropic response to adrenergic stimulation, we used intracardiac catheterization to monitor left ventricular pressure-volume relationships in the absence and presence of inferior vena cava constriction. This approach yields the end-systolic elastance (E es ), which is a measure of contractility that is independent of changes in preload. Baseline E es was equal in WT and RyR2-S2808A +/+ mice (WT, 2.4 ± 0.1 mmHg/μl, n = 10; RyR2-S2808A +/+ , 2.3 ± 0.1 mmHg/μl, n = 10; P = NS). Iso infusion (100 ng/kg/min i.v.) caused WT E es to increase to 19.2 ± 1.2 mmHg/μl compared with 5.0 ± 0.6 mmHg/μl in the RyR2-S2808A +/+ mice (P < 0.001; Figure 2 , A, B, and D). Maximal contractility, calculated as the maximal rate of change in pressure over time (dP/dt max ), after Iso infusion was blunted in the RyR2-S2808A +/+ mice (WT, 14,365 ± 594 mmHg/s, n = 16; RyR2-S2808A +/+ , 9,814 ± 402 mmHg/s, n = 17; P < 0.001; Figure 2F and Supplemental Table 2 ). RyR2-S2808A +/+ mice also exhibited a blunted increase in maximal heart rate after Iso infusion (WT, 575 ± 11 bpm, n = 16; RyR2-S2808A +/+ , 520 ± 9 bpm, n= 17; P < 0.001; Figure 2H and Supplemental Table 2 ). The blunted inotropic and chronotropic responses to Iso in the RyR2-S2808A +/+ mice were also observed in response to nonhydrolyzable dibutyryl-cAMP (db-cAMP) (10 mg/kg i.v.), which directly activated PKA ( Figure 2E and Supplemental Table 3 ). WT and RyR2-S2808A +/+ mice had similar responses to inotropic agents that increase contractility, independently of the β-AR pathway, including Bay K 8644 (L-type calcium channel agonist) (Figure 2 , C and G), high extracellular calcium ( Figure 2G ), and ouabain ( Figure 2G ), ruling out the possibility that the RyR2-S2808A +/+ hearts cannot respond to catecholamines for a reason unrelated to the inability of PKA to phosphorylate RyR2.
Since PKA-dependent phosphorylation of PLN increases contractility by enhancing SERCA2a activity and SR Ca 2+ uptake (3), we used PLN-deficient mice to examine the relative contribution of PKA phosphorylation of RyR2 and PLN in the "fight-orflight" response. Pln-knockout mice exhibited increased baseline contractility and a normal maximal increase in contractility in response to Iso infusion ( Figure 2F ), as previously reported (30) . A cross between Pln-deficient mice and RyR2-S2808A +/+ mice yielded mice with baseline contractility similar to that of the Plnknockout mice, but with a blunted response to Iso similar to that of the RyR2-S2808A +/+ mice ( Figure 2F ). These data demonstrate that PKA phosphorylation of RyR2 contributes to the inotropic response to β-adrenergic activation, even in the setting of genetically enhanced SERCA2a function.
Cardiac function of calstabin2-deficient mice was enhanced at baseline ( Figure 2F ), in concordance with the observation that cardiomyocytes isolated from these mice have enhanced SR Ca 2+ release (31) . A cross between the calstabin2-deficient mice and RyR2-S2808A +/+ mice resulted in mice with slightly elevated baseline contractility and a blunted contractile response to Iso ( Figure 2F ).
Due to the well-established relationship between heart rate and contractility (32), we investigated whether the blunted inotropic response to Iso in the RyR2-S2808A +/+ mice in vivo could be explained by the diminished chronotropic response. Using intracardiac pacing, WT and RyR2-S2808A +/+ mice were pre-paced at 10 Hz (600 bpm) prior to and during Iso infusion ( Figure 3B ). The paced RyR2-S2808A +/+ mice exhibited reduced but significant blunting of the inotropic response to Iso (WT, 10,614 ± 290 mmHg/s dP/dt max , n = 6; RyR2-S2808A +/+ , 9,057 ± 311 mmHg/s dP/dt max , n = 7; P < 0.05) ( Figure 3B ), demonstrating that PKA phosphorylation of RyR2 independently enhances both heart rate and contractility.
We next performed ex vivo assessments of cardiac contractility using Langendorff-perfused hearts to confirm that the blunted inotropic response to Iso in the RyR2-S2808A +/+ mice was specifically due to defective enhancement of myocardial contractility, independent of systemic vascular and neurohormonal regulation. Exclusion criteria for this study were designed to minimize differences in maximal heart rates between WT and RyR2-S2808A +/+ hearts (Supplemental Table 4 ). This approach enabled the examination of contractility, while minimizing heart rate differences. WT and RyR2-S2808A +/+ hearts had baseline developed pressures of 59 ± 3 mmHg and 56 ± 2 mmHg, respectively, which, when hearts were treated with 100 nM Iso, increased to 185 ± 10 mmHg in WT and 145 ± 7 mmHg in RyR2-S2808A +/+ hearts (WT, n = 7; RyR2-S2808A +/+ , n = 9; P < 0.01). Contractility, calculated as dP/dt max , was significantly higher in the WT hearts, compared with that in the RyR2-S2808A +/+ hearts (WT, 8,517 ± 272 mmHg/s dP/dt max , n = 7; RyR2-S2808A +/+ , 6,729 ± 440 mmHg/s dP/dt max , n = 9; P < 0.01), after Iso (100 nM) treatment ( Figure 4 ).
Figure 3
Blunted inotropic responses to Iso in RyR2-S2808A +/+ mice in the absence and presence of 10 Hz pacing. Iso dose-dependent enhancement of cardiac contractility in WT versus RyR2-S2808A +/+ mice, with or without heart rate control (via right ventricular pacing). Cardiac contractility measured in vivo by left ventricular catheterization in WT (n = 6) versus RyR2-S2808A +/+ mice (n = 7). (A) Cardiac contractility measured without RV pacing. The top panel shows dP/dtmax, and bottom panel shows the percentage change in dP/dtmax. (B) Cardiac contractility measured with RV pacing at 10 Hz (heart rate = 600 bpm). *P < 0.05 versus WT.
Ventricular cardiomyocytes and SANCs isolated from the RyR2-S2808A +/+ mice have blunted responses to Iso.
Electrically evoked Ca 2+ transient amplitudes were measured in isolated ventricular cardiomyocytes loaded with Fura-2 to explore the cellular mechanisms underlying the blunted inotropic response to β-adrenergic activation in the RyR2-S2808A +/+ mice. The baseline Ca 2+ transient amplitude of cells paced at 3 Hz was similar in WT and RyR2-S2808A +/+ myocytes but increased in the presence of 100 nM Iso by 50.1% ± 5.4% in WT myocytes compared with 31.3% ± 4.1% RyR2-S2808A +/+ myocytes (WT, n = 16; RyR2-S2808A +/+ , n = 10; P < 0.05 for WT vs. RyR2-S2808A +/+ percent increase) ( Figure 5 , A and B). Cell shortening was also blunted in RyR2-S2808A +/+ cardiomyocytes treated with 100 nM Iso compared with that of WT cardiomyocytes (change in cardiomyocyte length: WT, 27 ± 2 μm, n = 10; RyR2-S2808A +/+ , 21 ± 1 μm, n = 11; P < 0.05), measured using video edge detection ( Figure 5 , C and D).
The blunted chronotropic response of the RyR2-S2808A +/+ hearts to Iso was further investigated by measuring the rate of spontaneous action potential (SAP) generation in SANCs isolated
Figure 4
Blunted Iso-induced contractility in RyR2-S2808A +/+ ex vivo hearts. Contractility measurements of WT (n = 7) and RyR2-S2808A +/+ (n = 9) isolated hearts in the absence and presence of 100 nM Iso. (A) Representative traces of left ventricular pressure before and during Iso infusion, demonstrating blunted developed pressure response to Iso in the RyR2-S2808A +/+ hearts (B) Quantitative summary of dP/dtmax (*P < 0.01). from WT and RyR2-S2808A +/+ hearts. The identity of the SANCs was confirmed by staining the cells with anti-HCN4 antibodies (Supplemental Figure 3) . Both WT and RyR2-S2808A +/+ SANCs had similar baseline SAP frequency; however, in the presence of 50 nM Iso, there was a greater rate of spontaneous activity in the WT SANCs (457 ± 12 bpm, n = 9 cells) compared with that in the RyR2-S2808A +/+ cells (381 ± 26 bpm, n = 8 cells; P < 0.05) ( Figure 5 , E and F). These data indicate that the blunted heart rate response to Iso observed in the RyR2-S2808A +/+ mice in vivo can be explained, at least in part, by the lack of Iso-induced PKA phosphorylation of RyR2 in SANCs.
Reduced exercise capacity in mice lacking the RyR2 PKA phosphorylation site. Taken together, our data suggest a role for PKA phosphorylation of RyR2 in the upregulation of cardiac function in response to acute β-adrenergic activation. To determine whether the impaired inotropic and chronotropic responses observed in the RyR2-S2808A +/+ mice result in reduced exercise capacity, we measured the swimming speed and distance of untrained WT and RyR2-S2808A +/+ mice, placed individually in a large water bath (diameter 122 cm) at 21°C ± 1°C for 5 minutes ( Figure 6A ). The RyR2-S2808A +/+ mice swam significantly slower and for a shorter distance than WT mice (WT, n = 17; RyR2-S2808A +/+ , n = 18; P < 0.05) ( Figure 6, B and C) .
The RyR2-S2808A +/+ mice are protected from the deleterious effects of chronic β-adrenergic activation. We have previously demonstrated that the characteristic hyperadrenergic state of HF (33) induces chronic PKA phosphorylation of RyR2 and remodeling of the channel complex (34) . Furthermore, β-blocker treatment, which improves outcomes in HF (35) , reduces phosphorylation of RyR2 at Ser2808 and prevents remodeling of the channel complex (34) . Consequently, we sought to determine whether the RyR2-S2808A +/+ mice were protected from the detrimental effects of chronic β-adrenergic activation (36, 37) . Mice were treated with continuous Iso via an osmotic minipump for 8 weeks (30 mg/kg/d) to simulate chronic activation of the SNS. In WT mice, echocardiography revealed an initial enhancement of cardiac function, followed by a progressive decline in left ventricular ejection fraction (EF) (Figure 7A ), and increased left-ventricular end-systolic dimension (LVESD) ( Figure 7B ). In contrast, Iso treatment had no significant acute or chronic effect on cardiac function in the RyR2-S2808A +/+ mice ( Figure 7A ). Left ventricular mass increased in both WT and RyR2-S2808A +/+ mice; however, the increase in the RyR2-S2808A +/+ mice was significantly smaller than that in the WT mice (Supplemental Table 5 ). TUNEL staining revealed that there were no significant differences in apoptosis between the chronically treated groups (WT, 5.5% ± 1.4%, n = 7 vs. RyR2-S2808A +/+ , 4.0% ± 2.6%, n = 7; P = NS; Supplemental Methods).
RyR2 isolated from the chronically treated WT mice had significantly increased PKA phosphorylation and oxidation and were depleted of calstabin2 ( Figure 7 , C-E), and there was reduced phosphatase activity in the RyR2 complex (Figure 7, F and G) . Depletion of calstabin2 from the RyR2 complex was not observed in the RyR2-S2808A +/+ mice. Furthermore, the oxidation level of RyR2 was significantly reduced in the RyR2-S2808A +/+ mice at 8 weeks of Iso treatment compared with that in WT mice at 8 weeks. There were no significant differences in PKA phosphorylation of PLN between the WT and RyR2-S2808A +/+ mice at 0, 4, and 8 weeks of chronic Iso treatment ( Figure 7C ). We next sought to determine the functional consequences of the protection against calstabin2 depletion from the RyR2 complex observed in the RyR2-S2808A +/+ mice at the singlechannel level. In contrast to the PKA hyperphosphorylated and oxidized channels from chronically Iso-treated WT mice, which exhibited increased Po at low activating Ca 2+ concentrations (consistent with "leaky" channels) (Figure 7H ), the channels from the Iso-treated RyR2-S2808A +/+ mice had significantly lower Po (nonleaky channels) ( Figure 7 , I and J).
Discussion
It has long been recognized that β-adrenergic stimulation potently enhances heart rate, contractility, and cardiac output. However, positive chronotropy and inotropy in the heart have primarily been attributed to enhancement of I f , Ca v 1.2, and SERCA2a activities (8, 23, 38, 39) . The complex interdependent nature of adrenergic pathways and Ca 2+ signaling in the heart and the multitude of substrates for PKA phosphorylation have precluded the identification of the specific contribution of PKA phosphorylation of RyR2 in this fundamental stress response. The availability of a mutant murine model harboring a RyR2 channel that cannot be PKA phosphorylated provides a suitable in vivo model that can be used to directly assess the role of this SR Ca 2+ release channel in catecholamine-induced enhancement of heart rate and contractility.
We and others have previously reported that PKA phosphorylation of RyR2 enhances channel activity and/or RyR2-mediated SR Ca 2+ release (9, 10, 16-18, 40, 41) . However, these studies were performed on isolated cardiomyocytes (16) (17) (18) or on channels reconstituted in planar lipid bilayer (9, 10, 40, 41) , making it difficult to assess the in vivo physiological relevance. In the present study, we have observed that RyR2-S2808A +/+ mice, which lack the major PKA phosphorylation site on RyR2 (21), have a blunted chronotropic and inotropic response to β-adrenergic activation in vivo and at the isolated organ and cardiomyocyte levels. Furthermore, these mice exhibited impaired exercise capacity, suggesting that PKA phosphorylation of RyR2 in the heart contributes to the cardiac response to acute catecholaminergic stress, i.e., the fight-or-flight response. (It should be noted that since the RyR2-S2808A mutation is expressed in multiple tissues, including regions of the brain in the knockin mice, we cannot exclude the possibility that extracardiac factors contributed to the impaired exercise capacity).
The considerable blunting of the contractile response to β-adrenergic activation in the RyR2-S2808A +/+ mice is a combined effect of the reduced inotropic and chronotropic responses. In fact, when we controlled for heart rate, the differences in the contractile response to Iso between the RyR2-S2808A +/+ and WT mice were reduced but remained significant. In other words, there are 2 components that contribute to the blunted contractility response to Iso in the RyR2-S2808A +/+ mice: (a) reduced inotropic response caused by a decrease in the Ca 2+ transient and (b) reduced chronotropic response caused by a decreased rate of SANC depolarization; both of these components are due to the inability of PKA to phosphorylate RyR2. Thus, our data show that PKA phosphorylation of RyR2 at Ser2808 is an essential component of catecholamine-induced enhancement of cardiac contractility, in addition to the roles of enhanced I Ca,L and SR Ca 2+ uptake.
The observation that, compared with WT mice, the Iso-induced enhancement of I Ca,L and SERCA2a activity were preserved in RyR2-S2808A +/+ mice but the Iso-induced increase in the Ca 2+ transient amplitude was reduced indicates that impaired catecholamine-induced stimulation of SR Ca 2+ release contributes to the blunted contractile response, due to inability of PKA to phosphorylate RyR2 channels. The normal catecholamine-induced increase in contractility requires enhancement of 3 key components of the Ca 2+ handling machinery: (a) the trigger I Ca,L ; (b) the uptake (via SERCA2a); and (c) the SR Ca 2+ release (via RyR2). In the present study, we show that if Iso-induced enhancement of SR Ca 2+ release (via PKA phosphorylation of RyR2) is reduced (as it is in the RyR2-S2808A +/+ mice, e.g., Figure 5 , A and B), then EC coupling gain is reduced (i.e., the increase in SR Ca 2+ release for a given increase in I Ca,L is reduced). Thus, the effect of Iso on WT cardiomyocytes is to increase SR Ca 2+ release (i.e., increased contractility) but to maintain EC coupling gain (no increase or decrease), because Ca 2+ influx, uptake, and release are all increased by Iso equivalently. To our knowledge, the new, important contribution of the present study is that PKA phosphorylation of RyR2 contributes to the stress-induced increase in contractility.
Our data would appear to contradict the proposal by Eisner and colleagues that simply increasing the Po of the RyR produces only a transient increase of systolic [Ca 2+ ] i that cannot account for sustained increases in contractility. In one experiment in which they added low concentrations of caffeine to cardiomyocytes, they reported an immediate increase in the amplitude of the systolic Ca 2+ transient that resulted in increased Ca 2+ efflux from the cell, net loss of Ca 2+ from the SR, and the return of systolic Ca 2+ to basal levels over just a few beats (20) . On the basis of this experiment, they and others have argued that RyR phosphorylation cannot cause a steady-state increase in contractility. However, the caffeine experiment of Eisner et al. was designed such that only 1 out of the 3 important components of the stress-induced increase in contractility was activated, namely the RyR2 channel (by caffeine). In the present study, we show that when the activity of L-type channel and SERCA2a increase (as occurs normally in response to stress), but RyR2 activity does not increase (because it cannot be PKA phosphorylated), then the result is a sustained reduction of contractility compared with that of WT mice. The experiment by Eisner et al. shows what happens if only 1 out of the 3 components (RyR2) is activated: there is no sustained enhancement of contractility. However, the results from their cellular experiments, in which RyR2 is artificially activated in absence of L-type and SERCA2a activation, do not adequately address the actual role of RyR2 activation in vivo during stress. On the basis of our in vivo, ex vivo, cellular, and single-channel studies, we conclude that PKA phosphorylation of RyR2 plays an essential role in the stressinduced enhancement of contractility.
Since more Ca 2+ is entering the cell during stress and more Ca 2+ is being pumped into the SR, SR Ca 2+ release also has to increase to enhance contractility. We have previously shown that PKA phosphorylation of RyR2 increases the Po of the channel (9) and that a phosphomimetic PKA-phosphorylated channel (RyR2-S2808D) has increased sensitivity to Ca 2+ -dependent activation (10) . Thus, PKA phosphorylation of RyR2 increases the sensitivity of the channel to activating Ca 2+ entering via the L-type channel and enables the channel to release more Ca 2+ , thereby contributing to increased contractility. Additional mechanisms, including synchronization of RyR2 channels (17) , may also play a role.
There is controversy as to whether or not PKA phosphorylation of RyR2 can disrupt the interaction between calstabin2 and RyR2 (9, 42) . We now demonstrate that oxidation of RyR2 enhances the ability of PKA phosphorylation of the channel to dissociate calstabin2 from the RyR2 macromolecular complex. In contrast, CaMKII phosphorylation of RyR2, in combination with oxidation, did not disrupt the interaction between RyR2 and calstabin2. Since the oxidation state of RyR2 has not been regularly assessed, this likely accounts for variable results reported for the effect of PKA phosphorylation of RyR2 and its ability to dissociate calstabin2 from the channel. In the present study, we showed that acute PKA phosphorylation of RyR2 during the fight-or-flight stress contributes to enhanced cardiac contractility. In contrast, chronic RyR2 PKA hyperphosphorylation (for example, during HF when RyR2 channels are also oxidized) causes calstabin2 depletion from the channel complex, which results in a pathological SR Ca 2+ leak, HF
Figure 7
Chronic β-adrenergic stimulation causes cardiac dysfunction and remodeling of the RyR2 channel complex. (A) Echocardiography of left ventricular EF (A) and LVESD (B) in WT mice and RyR2-S2808A +/+ mice during chronic Iso treatment (n = 6 in both groups; mean ± SEM; *P < 0.05 versus WT; # P < 0.05 versus WT baseline). (C) Equivalent amounts of RyR2 were immunoprecipitated with RyR2-specific antibody followed by immunoblotting for relative PKA phosphorylation of RyR2 at Ser2808, oxidation (DNP), and of calstabin2 bound to RyR2. Immunoblotting of PLN-and PKA-phosphorylated PLN was performed on whole heart lysates from WT and RyR2-S2808A +/+ mice. (D and E) Quantification summaries. Mice were continuously treated with Iso for 56 days at a dose of 30 mg/kg/d (WT, n = 3; RyR2-S2808A +/+ , n = 3; mean ± SD; *P < 0.05). progression, and arrhythmias. Chronic RyR2 PKA hyperphosphorylation and the resultant chronic depletion of calstabin2 from the channel complex is not a normal physiological response and is not required for enhanced contractility during fight or flight.
MacDonnell et al. (12) previously reported that their RyR2-S2808A +/+ mice have normal chronotropic and inotropic responses to Iso. However, MacDonnell et al. only examined a single Iso dose (2 mg/kg i.p.). We now show that this higher Iso dose obscures the inotropic and chronotropic defects in the RyR2-S2808A +/+ mice. We also found that the lower Iso dose induced specific phosphorylation of Ser2808, whereas the higher Iso dose caused additional phosphorylation at Ser2814, the CaMKIIδ phosphorylation site on RyR2 (10, 29) . While this observation supports reports by other groups that Iso can induce CaMKIIδ activation (43), it appears that this effect is only seen at a very high dose of Iso and suggests that CaMKIIδ-mediated phosphorylation of RyR2 is responsible for the inotropic and chronotropic responses to such a high dose of Iso in the RyR2-S2808A +/+ mice, because these responses are not observed at lower doses of Iso.
In ex vivo studies, MacDonnell et al. continuously paced WT and RyR2-S2808A +/+ hearts at 460 bpm before and during Iso infusion (12) . Since under non-paced conditions Iso causes ex vivo WT hearts to beat at a rate faster than 460 bpm, we performed our experiments on non-paced hearts in order to avoid placing artificial restrictions on the β-adrenergic response. Our results demonstrate a significant reduction in Iso-induced contractility in RyR2-S2808A +/+ hearts under these conditions that was not observed by MacDonnell et al. (12) .
Benkusky et al. (15) previously reported no differences in Ca 2+ transient amplitude in the absence or presence of 1 μM Iso between WT and RyR2-S2808A +/+ ventricular cardiomyocytes when the cells were subjected to low stimulation rates (e.g., 1 Hz). However, in agreement with our studies, these authors did report a significant reduction in SR Ca 2+ release in the RyR2-S2808A +/+ ventricular cardiomyocytes paced at 3 Hz, compared with that in WT cardiomyocytes.
Having demonstrated the physiologic role of acute PKA phosphorylation of RyR2 in the cardiac fight-or-flight response, we investigated the effects of chronic PKA hyperphosphorylation of RyR2 as occurs in patients with HF (9, 34) . Patients with HF have a chronic hyperadrenergic state that has been linked to adverse clinical outcomes (44) . We have previously shown that in HF, chronic PKA hyperphosphorylation of RyR2 induces remodeling of the channel macromolecular complex, which would result in SR Ca 2+ leak and depletion of SR Ca 2+ stores (9) . These earlier findings are supported by the observation that the RyR2-S2808A +/+ mice are protected against HF progression manifested as a preservation of cardiac function after MI (21) . During the first 2 weeks of chronic Iso treatment, the WT mice exhibited enhanced cardiac function compared with baseline. However, after 2 weeks there was a progressive decline in cardiac function in the WT mice, which did not occur in the RyR2-S2808A +/+ mice. The cardiac dysfunction in the WT mice was associated with chronic PKA hyperphosphorylation and oxidation of RyR2, remodeling of the channel complex, and leaky channels with increased Po at diastolic activating [Ca 2+ ]. However, both RyR2-S2808A +/+ and WT mice showed significant left ventricular hypertrophy, although the hypertrophy was significantly less in the RyR2-S2808A +/+ mice (Supplemental Table 5 ), and there were no differences in myocyte apoptosis after 8 weeks of chronic Iso treatment (45) . Thus, our data suggest that the RyR2-S2808A mutation preserves cardiac function but only partially prevents the hypertrophic response to Iso. Moreover, in a companion paper (46), we show that mimicking one effect of chronic Iso infusion, chronic PKA phosphorylation of RyR2, with RyR2-S2808D mutant mice results in an SR Ca 2+ leak and a progressive cardiomyopathy. Inhibiting the diastolic SR Ca 2+ leak with S107 prevents the cardiomyopathy in RyR2-S2808D mice but does not completely reduce the hypertrophy. Taken together, these data show that preventing chronic PKA hyperphosphorylation of RyR2 in the RyR2-S2808A mice protects against some, but not all, of the toxic effects of chronic Iso infusion.
The stoichiometry of phosphorylation of RyR2-S2808 is such that at rest less than 1 out of the 4 sites is PKA phosphorylated. During acute β-adrenergic activation, 3-4 PKA of the 4 PKA sites (i.e., the 4 RyR2-Ser2808 sites in each homotetrameric channel) are transiently phosphorylated, resulting in a leftward shift of the sensitivity to activating (cytosolic) Ca 2+ (9) . This is part of the normal physiological response to stress (fight-or-flight). In the RyR2-S2808A +/+ mice, this physiological response to stress is blunted (reduced inotropic and chronotropic responses to Iso).
In HF, or during chronic Iso treatment, 3-4 of the 4 sites on each channel are also PKA phosphorylated; however, the phosphorylation is chronic as opposed to transient (this is PKA hyperphosphorylation). Moreover, in addition to the chronic PKA hyperphosphorylation of RyR2, prolonged adrenergic stimulation (as occurs during HF or chronic Iso administration) is associated with remodeling of the RyR2 channel macromolecular complex (including oxidation, depletion of calstabin2, decreased phosphatase and phosphodiesterase levels, and reduced activity in the complex) (9, 47) . The combined effects of chronic PKA hyperphosphorylation and RyR2 complex remodeling are associated with instability of the closed state of the channel, leading to pathologic diastolic SR calcium leak, which promotes HF progression (9) . Indeed, the RyR2-S2808A +/+ mice are protected against post-MI HF progression (21) and chronic Iso-induced cardiac dysfunction.
To further explore the mechanisms underlying the cardiac dysfunction observed in the WT mice chronically treated with Iso as well as the relationship between phosphorylation and oxidation of RyR2 and calstabin2 depletion, we developed what we believe to be a novel transgenic mouse with aspartic acid in place of Ser2808 on RyR2 (RyR2-S2808D), which mimics chronically hyperphosphorylated RyR2. This enables us to isolate the specific contribution of chronic hyperphosphorylation of RyR2-Ser2808 in the development of HF. The results from this study are presented in the companion paper (46) accompanying this manuscript.
In summary, we have found that mice harboring RyR2 that cannot be PKA phosphorylated have blunted chronotropic and inotropic responses to catecholaminergic activation and impaired exercise capacity and are protected from the detrimental effects of chronic β-adrenergic activation. Thus, the present study elucidates the role of PKA phosphorylation of RyR2 in the fight-or-flight response and in the progressive decline of cardiac function in HF.
Methods
RyR2-S2808A +/+ mice. RyR2-S2808A +/+ mutant mice were generated using homologous recombination as previously described and were backcrossed more than 6 generations into the C57BL/6 background (21). RyR2 channels isolated from the RyR2-S2808A +/+ mice were unable to be PKA phosphorylated, as evidenced by [32] P-ATP incorporation, even after maximal dephosphorylation with phosphatases as previously reported (21) .
Hearts from RyR2-S2808A +/+ mice were structurally normal, based on histological sections (21) , and had normal cardiac function at rest, as assessed by cardiac echocardiography and intracardiac left ventricular catheterization measurements (Supplemental Table 2 ). All experiments with animals were approved by Columbia University's Institutional Animal Care and Use Committee. In all cases, individuals conducting all experiments were blinded to the genotype and treatment status of the animals.
Hemodynamic analyses. Left ventricular catheterization and cardiac echocardiography measurements were performed as previously described (21, 29) . Inotropic drug application was administered via infusion into the jugular vein through a custom-made cannula (e.g., Iso 100 ng kg -1 min -1 i.v.). The end-systolic pressure-volume relationship, Ees, heart rate, and additional parameters were determined during inferior vena cava occlusion by linear regression analysis from at least 10 consecutive cardiac cycles, recorded at baseline or during the maximal response to an inotropic intervention (Iso, db-cAMP, Bay K 8644, ouabain, Ca 2+ [all from Sigma-Aldrich]), as indicated in the insets of Figure 2 , A-C, by automated software analysis (IOX, Emkatech). Echocardiography (Vevo 770 High-Resolution Mouse In Vivo Imaging System, Visualsonics) was performed with a 30-MHz mouse scan head.
Ex vivo contractility. Hearts from WT and RyR2-S2808A +/+ mice were surgically removed and cannulated. The hearts were then retrogradely perfused with a modified Krebs solution (118.5 mM NaCl, 25 mM NaHCO3, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 11 mM glucose, 1.8 mM Ca 2+ ) on a Langendorff system. Left ventricular pressure was measured using a balloon catheter connected to an APT-300 pressure transducer (ADInstruments). The pressure transducer was connected to a PowerLab digitizer (ADInstruments). Hearts that failed to meet the following criteria were excluded from the study: baseline developed pressure above 50 mmHg and maximum heart rates after Iso below 610 bpm.
Immunoprecipitation and immunoblot analysis. Cardiac homogenates (100 μg) were used to immunoprecipitate RyR2 channels with anti-RyR antibody (48) . RyR2 was immunoprecipitated by incubating 100 μg cardiac homogenate with anti-RyR antibody (2 μl 5029 Ab) in 0.5 ml of a modified RIPA buffer (50 mM Tris-HCl, pH 7.4, 0.9% NaCl, 5.0 mM NaF, 1.0 mM Na3VO4, 0.5% Triton-X100, and protease inhibitors) for 2 hours at 4°C. For oxidation experiments, 1 mM hydrogen peroxide was incubated with 200 μg CSR for 30 minutes at room temperature. PKA and CaMKII phosphorylation of RyR2 were performed as previously described (29) . The samples were then incubated with protein A sepharose beads (Amersham Pharmacia Biotech) at 4°C for 1 hour, after which the beads were washed 5 times with 1.0 ml RIPA. Samples were heated to 95°C and size fractionated by PAGE (6% for RyR, 15% for calstabin). Proteins were transferred to nitrocellulose membranes and immunoblots were developed using the following antibodies: anti-calstabin (1:1,000) (41), antiRyR (5029; 1:3,000) (48), anti-phospho-RyR2-pSer 2808 (1:5,000) (10), or antiphospho-RyR2-pSer 2814 (1:5,000) (10). To assess ROS-mediated formation of carbonyls on RyR2, the immunoprecipitate was treated with 2, 4-dinitrophenyl hydrazine, and the derivatized carbonyls were detected using an OxyBlot Protein Oxidation Detection Kit (catalog S7150, Chemicon International Inc.). To determine the amount of total and phosphorylated PLN in heart homogenates, 10 μg protein was size fractionated on 15% SDS-PAGE and immunoblots were developed using anti-PLN for PLN (1:1,000, dilution in 5% milk TBS-T, Research Diagnostics), a PKA phospho-specific PLN antibody (1:1,000, PS-16 Ab, Research Diagnostics). All immunoblots were developed using the Odyssey system (LI-COR Inc.), using IR-labeled anti-mouse and anti-rabbit IgG (1:10,000 dilution) secondary antibodies.
Single-channel recordings. Vesicles containing native or recombinant RyR2 were fused to planar lipid bilayers in 100-μm holes in polystyrene cups separating 2 chambers. The trans chamber (1.0 ml), representing the intra-SR compartment, was connected to the headstage input of a bilayer voltageclamp amplifier (Warner Instruments). The cis chamber (1.0 ml), representing the cytoplasmic compartment, was held at virtual ground. Symmetrical solutions used are as follows: trans, 250 mM HEPES, 53 mM Ca(OH)2, pH 7.35; cis, 250 mM HEPES, 125 mM Tris, 1.0 mM EGTA, 0.5 mM CaCl2, pH 7.35. At the conclusion of each experiment, 5 μM ryanodine or 20 μM ruthenium red was applied to confirm RyR2 channel identity.
Cardiomyocyte fluorescence and fractional shortening. Ventricular myocytes were isolated according to a modified version of the Alliance for Cellular Signaling protocol PP00000125. Briefly, the cells were digested with Liberase Blendzyme 1 (Roche) and then the Ca 2+ concentration was slowly brought up to 1.8 mM. The cells were then resuspended in a modified Tyrode solution: 137 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, 10 mM glucose, 10 mM HEPES. The pH was adjusted to 7.4 with NaOH. Fractional shortening measurements were taken using a Nikon Diaphot microscope connected to a video edge detection system (Crescent Electronics), driven by a PC running FeliX32 (Photon Technology International). Ca 2+ fluorescence measurements were taken by first loading the cells for 20 minutes with 3 μM Fura 2-am (Molecular Probes) and allowing them to rest for at least 10 minutes prior to the experiment. Excitation light was produced using a DeltaramV High Speed Random Access Monochromator (PTI). Fluorescence recordings were made using an 814 Photomultiplier Detection System (PTI), connected to a PC running FeliX32 (PTI). Cells were paced at 3.0 Hz for at least 1 minute before a baseline measurement was made. The cells were then perfused with Tyrode containing 100 nM Iso.
Exercise studies. Mice were placed in a round pool (diameter 122 cm) filled with water (21°C ± 1°C), which was rendered opaque by the addition of nontoxic white paint (Discount School Supply). Swimming velocity and distance were measured using a Sony Digital camera, connected to a PC running SMART software version 2.5 (San Diego Instruments). Mice used in this study were untrained (i.e., they had never been previously placed in water), and the study was performed by an observer blinded to the genotype of the mice.
Statistics. Data are reported as mean ± SEM unless indicated otherwise. Concentration-effect relationships were analyzed by 2-way repeated-measures ANOVA, with interaction terms between Iso dose and genotype. A 2-tailed Student's t test was used for comparison among groups. P < 0.05 was accepted as statistically significant.
